Abstract: An HPLC method for digoxin quantification in dissolution samples obtained as per the official British Pharmacopeia (BP) method is presented in this paper. The chromatography was performed at 20 °C on a Symmetry C18; 3.5 μm, 75 mm×4.6 mm column with water-acetonitrile (72:28, v/v), as the mobile phase and UV detection at 220 nm. The method was found to be selective, linear, accurate and precise in the specified ranges. The LOD and LOQ were 0.015 and 0.050 µg mL -1 , respectively. Robustness testing was conducted to evaluate the impact of minor changes in the chromatographic parameters (i.e., acetonitrile fraction, flow rate of the mobile phase, column temperature and column length) on the characteristics of the digoxin peak. A full factorial design (2 4 ) was used to investigate the influence of the four variables The presented HPLC method was applied in quality and stability testing of digoxin tablets 0.25 mg.
INTRODUCTION
Digoxin is a cardiac glycoside that is widely used in the treatment of congestive heart failure and certain cardiac arrhythmias. This drug is characterized by a narrow therapeutic range (typically 0.5-2.0 ng mL -1 in serum), wide individual variability in dosage requirements and complex metabolic pathways. 1 As is known, dissolution testing is a routine quality control procedure in good manufacturing practice (GMP), and the dissolution data are a substantial parameter for the estimation of the bioavailability of solid oral dosage forms.
Numerous high performance liquid chromatographic (HPLC) methods have been reported for the determination of digoxin. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] There are some methods reported for digoxin determination after a dissolution test. [14] [15] [16] In the United States Pharmacopoeia (USP), 0.1 M hydochloric acid (HCl) and in the Japanese Pharmacopoeia (JP), diluted HCl is used as the dissolution medium, 17, 18 while distilled water is employed as the dissolution medium in the British Pharmacopeia (BP). 19 As some degradation could occur by acid-catalyzed hydrolysis of digoxin 16 , dissolution testing with water as the dissolution medium was used in this study. Quantification of digoxin in the dissolution samples is, as per all three compendia (i.e., the BP, USP and JP), based on measurement of fluorescence induced by exposing digoxin to drastic conditions (i.e., ascorbic acid-methanol solution and hydrochloric acid, followed by hydrogen peroxide-methanol solution over a period of 2 h). Here, a fast and simple HPLC method is applied for digoxin determination after dissolution and filtration without any derivatization.
The Pharmacopoeias state that digoxin ( Fig. 1 ) is practically insoluble in water. It can also be found on the web that the solubility of digoxin is 0.07 and 0.0648 mg mL -1 . 20, 21 When the described BP dissolution test conditions are applied to 0.25 mg digoxin tablets, the resulting concentration should be about 0.42 µg mL -1 when the whole dose is dissolved (i.e., 0.25 mg in 600 mL). This concentration can be determined by the HPLC method without any additional sample treatment, except filtration, when an aliquot of 100 µl is injected. A robustness test was performed to indicate factors that could affect the results. Evaluating robustness according to the International Conference on Harmonization (ICH) definition is possible by two approaches: one variable at a time or experimental design. For several reasons (too many experiments, no interactions terms, etc.), the univariate approach, although often performed and described in the literature, is not recommended for robustness testing. 22 . Full factorial design, as a powerful statistical tool, was employed in this study.
EXPERIMENTAL

Equipment
Development and validation of the method were realised on a Agilent HPLC system HP 1200 series equipped with a binary pump G1312A, a vacuum degasser G1379B, an autosampler G1329A, a thermostated column compartment G1316A and a UV detector G1315D, from Agilent Technologies (Waldbronn, Germany). Data acquisition, data collection and system control was provided by Chemstation software, revision B.03.01-SR1, from the same company.
A Symmetry C18, 3.5 μm, 75 mm×4.6 mm column purchased from Waters (Wexford, Ireland) was used.
The dissolution tests were performed using an Erweka DT700LH Dissolution apparatus (USP I) (Heusenstamm, Germany). The dissolution medium was filtered through Whatman 25 mm, blue ribbon glass microfibre filters (Maidstone, UK).
Other equipment used was a Sartorius MC 1 analytical balance with a precision of 0.1 mg (Göttingen, Germany) and a Bandelin Sonorex ultrasonic bath (Berlin, Germany).
Design-Expert software, version 7.1.6, Stat-Ease Inc. (Minneapolis, USA), was used for the experimental design of the robustness test.
Reagents and solutions
HPLC-grade acetonitrile and HPLC-grade methanol were purchased from Merck KgaA (Darmstadt, Germany), while the HPLC-grade water was obtained from a Sartorius Stedim Biotech water system (Göttingen, Germany).
As the standard, an in-house working standard provided by Roche Diagnostics GmbH, Mannheim, Germany, (assay calculated on "as is" substance, 96.46 %) was used and standardised against digoxin EPCRS (assay calculated on "as is" substance, 98.50 %) as reference. Digoxin tablets (dilacor 0.25 mg tablets) manufactured by Zdravlje Actavis, Leskovac, Serbia, were used for validation purposes. One tablet weighed 120 mg and contained 0.250 mg of digoxin.
A digoxin stock solution was prepared by dissolving 21.0 mg of reference substance digoxin in 90 m of a mixture of methanol-acetonitrile-water (20:20:60, v/v) and diluted to 100.0 mL with the same solvent mixture, c = 0.21 mg mL -1 . A standard solution of digoxin was prepared by diluting 1 volume of stock solution to 500 volume with water, c = 0.42 µg mL -1 .
Sample solutions were prepared by performing the dissolution test. For the selectivity test the following samples were prepared in 600 mL of the dissolution medium:
-Excipients (mixture of lactose monohydrate, maize starch, soluble starch, colloidal anhydrous silica and magnesium stearate), in the same amount as present in one tablet.
-Digoxin, in the same amount as present in one tablet.
-Digoxin and excipients in the same amount as present in one tablet. The linearity stock solution was prepared by diluting 1.0 mL of digoxin stock solution to 50 mL with water, c = 4.2 µg mL -1 . Six linearity solutions were prepared by diluting of linearity stock solution.
A set of dilute solutions were prepared for the determination of the limit of detection (LOD) and limit of quantification (LOQ). After determination of the LOD and LOQ, one solution with the LOD concentration and six solutions with LOQ concentration were prepared by diluting the standard solution.
Experimental conditions
The experimental conditions described in the BP were used for the dissolution tests. For dissolution experiments, digoxin tablets were weighed and placed in the dissolution apparatus in batches of six. Sample aliquots (ca. 10 mL) were withdrawn at 5, 10, 15, 20, 30, 45 and 60 min and filtered through Whatman 25 mm, blue ribbon filters, whereby the first portion of the filtrate was discarded. No additional pretreatment was required prior to HPLC analysis.
HPLC Chromatography was performed with a column temperature of 20 °C and the mobile phase (mixture of water and acetonitrile, 72:28 % v/v) was pumped at a flow rate of 0.8 mL min -1 . 2 The run time cycle was completed in 10 min, while for the robustness test, it was set on 20 min. Peak areas registered at 220 nm were used for digoxin quantification.
RESULTS AND DISCUSSION
Method validation
The parameters to be validated for the HPLC assay were according to the ICH guidelines. 24 System suitability. The USP states the tailing should be in the interval 0.8--1.5; the RSD derived from six injections of standard solution should be less than 2.0 % and number of theoretical plates per column for the digoxin peak should be not less than 2000. This parameter was demonstrated throughout the validation work. The results obtained in the beginning, as well as the results obtained when performing the intermediate precision by a second analyst are given in Table I . Selectivity. In order to determine the selectivity of the dissolution medium, placebo solutions, sample and standard solutions were filtrated and injected into HPLC system. Representative chromatograms are shown in Fig. 2 .
In the placebo solutions, no interfering peaks were observed at the expected retention time of the active ingredient.
Linearity. The linearity of digoxin (area of peak against concentration) was verified within the range 20-120 % of the reference solution, which corresponds to concentrations 0.084-0.504 μg mL -1 of digoxin. The best-fit line through un-weighted least squares linear regression was generated. Digoxin gave a linear response over the tested range and the linear regression equation was obtained:
129.69 / 0.0867 The raw data for the best line calculation is given in Table II as well as the calculated peak areas of the best line, the peak area residual values and the relative peak area residual values. The correlation coefficient (r) was 0.999. No apparent non-linearity was observed. This indicates functional linearity between the concentration of analyte and the digoxin peak area.
Limit of detection and limit of quantification. The LOD and LOQ values were determined based on the S/N criteria and were found to be 0.015 µg mL -1 (S/N = 3) and 0.050 µg mL -1 (S/N = 10), respectively. The LOQ solutions were tested against the standard solution (c = 0.42 µg mL -1 ). The RSD value of 8.9 % and a mean recovery of 103.4% show that acceptable accuracy and precision were obtained.
Precision. In order to determine the repeatability, the dissolution test was performed as previously described. To determine the intermediate precision of the method, a second analyst performed the repeatability determination on the same batches of 0.25 mg digoxin tablets on a different day, using a different dissolution apparatus and a different HPLC system. The results of the precision testing are given in Table III . Accuracy. The accuracy was tested as the recovery of digoxin at levels 80, 100 and 120 % of the declared content of digoxin, with 100 % content of placebo. Placebo (120 mg) and the appropriate amount of digoxin, i.e., 0.200, 0.250 or 0.300 mg of digoxin, were added in the form of a solution of concentration 0.10 mg mL -1 (i.e., 2.0, 2.5 or 3.0 mL, respectively) into dissolution vessels filled with 600 mL of dissolution medium (three replicates for each concentration level) and the dissolution testing was performed as per the method.
The accuracy results for digoxin in all samples showed good recovery and are summarized in Table IV .
Stability of solution. The stability of digoxin in the test solution and the stability of digoxin in the standard solution during a period of 48 h were determined. Three test solutions representing 100 % of the 0.25 mg digoxin tablets were used to determine the stability of the test solutions. The initial concentration of digoxin was compared to the concentration of digoxin in same solutions after 24 and 48 h. The test solutions and standard solution were stored in autosampler vials at ambient temperature. The results show that the solutions were stable when stored in autosampler for a period of 48 h, since the measured content of digoxin in the stored solutions differed by not more than 2.0 % from the initially measured content. Robustness. Critical chromatographic parameters, such as the percentage of acetonitrile in the mobile phase, flowrate of the mobile phase, column temperature and column length, were deliberately varied to test their impact on the digoxin determination. The characteristics of the digoxin peak, such as peak area, retention time, USP tailing, symmetry, number of theoretical plates per column (half-width method) and capacity factor, were used to observe the influence of these changes in the method. The experimental results of the robustness study are summarized in Table V. The number of experiments required for a study depends on the number of independent variables. The responses are measured for each trial and then the interactive model (
is fitted by performing multiple regression analysis and F-statistics to identify the statistically significant terms. 25 The estimated effects were graphically and statistically interpreted to determine their significance. The half-normal probability plot was used as a graphical tool to assess significance of the effects. In this plot, the non-significant effects are found on a straight line through zero, while the significant deviate from this line. An example of the graphical method is given in Fig. 3 , which shows that changing the flow rate has statistically the most significant effect on the area of the digoxin peak.
The interactive statistical first-order model was generated completely to evaluate the digoxin peak area. The final equation was given in terms of the actual factors: 
where A is the % acetonitrile, B is the temperature (°C), C is the flow rate (mL min -1 ) and D is the column length (mm).
From the generated equations, it can be observed: -statistically, the most significant factors that have an influence on the USP tailing and symmetry, are the % acetonitrile and the column length; -statistically, the most significant factor which has an influence on the capacity factor is the % acetonitrile; -statistically, all factors have a significant influence on the number of theoretical plates (N) and the retention time.
After construction, model was interpreted graphically by drawing 2D contour plots. A 2D contour plot shows the iso-response lines as a function of two levels of two factors. As an example, the graphical representation of the dependence of the number of theoretical plates on the % acetonitrile and temperature is shown in Fig. 4 .
Finally, the robustness of the method can be seen in Fig. 5 . For the construction of the overlay plot, it was taken that the response factors were peak area above 50; retention time less than 10 min; symmetry, min 0.85; USP tailing, 0.8-1.2; number of theoretical plates (N) more than 2000 and capacity factor, 2-10.
In addition, the temperature and column length were chosen to be constant. From the figure, it can be seen that the chosen experimental conditions are in the middle of the graph. Dissolution profile. Method described above was used to analyse commercial batches of digoxin tablets. As per the applied BP dissolution test method, the requirement for released digoxin is a minimum of 75 % in 60 minutes. The dissolution profile of one of the batches with error bars is shown in Fig. 6 . 
CONCLUSIONS
In this work, an HPLC method for the evaluation of the dissolution of digoxin tablets in water is presented and validated by the modification of an existing in-house HPLC method. By this method, using the BP dissolution conditions, it is possible, simply and exactly, to determine digoxin in the dissolution medium without fluorescence detection or any additional sample pre-treatment. The acquired validation parameters indicate that this method is selective, accurate, precise and linear. In addition, by 2 4 full factorial design, it was shown that the method is robust and hence suitable for routine analyse of the dissolution of digoxin tablet. У овом раду представљена је HPLC метода за одређивање дигоксина у узорцима након теста растворљивости, по Британској фармакопеји (БФ). Хроматографија је изведена на 20 ° C, на Symmetry C18 колони, 3,5 μm, 75 mm ×4,6 mm, са мобилном фазом вода-ацетонитрил (72:28, v/v) и УВ детекцијом на 220 nm. Установљено је да је метода селективна, линеарна, тачна и прецизна у специфицираном опсегу. LOD и LOQ вредности износиле су 0,015 µg mL -1 и 0,050 µg mL -1 . Тест робусности је такође изведен да би показао ефекат минорних промена у хроматографским параметрима (тј. у уделу ацетонитрила, протоку мобилне фазе, темпера-тури колоне и дужини колоне) на карактеристике пика дигоксин система. Потпуни факто-ријелни дизајн (2 4 ) је употребљен да би се показао утицај четири променљиве. Представљена метода је примењена у контроли квалитета и у тестовима стабилности дигоксин таблета.
(Примљено 6. јануара, ревидирано 13. септембра 2010)
